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ABSTRACT. A physical model is proposed which accounts for the 

general behaviour of Mirnov oscillations and plasma disruptions in 

tokamak devices. The model also accounts for the stability of 

those devices which operate with edge safety factors less than 1.5. 

The mo-J3l is based on the propagation of localized torsional Alfven 

and ion acoustic wavepackets. These packets remain phase coherent 

for considerable distances and are guided along helical field lines 

in toroidal plasmas, leading to the formation of standing waves on 

those field lines which close on themselves after one or more 

toroidal revolutions. Standing waves arc driven resonantly on the 

rational surfaces by fluctuations in the poloidal field, causing 

localized heating and hence filamentation of the plasma current. 

This model indicates that Mirnov oscillations are produced by 

standing acoustic waves, while plasma disruptions occur as a result 

of the formation of MUD unstable current filaments. 

INTRODUCTION 

The most dangeous instability in tokamak devices, the m = 1 

kink instability, can be avoided by using a sufficiently strong 

toroidal field or by limiting the plasma current, so that the edge 

safety factor q(a) is greater than unity. The next most dangerous 

instability is the disruptive instability which can terminate the 



discharge after long periods of stable operation with alaost no 

perceptable change in the plasma conditions prior to the disruption. 

The disruptive instability can also be avoided,by ensuring that 

q(a) remains above about 3, but it is still a major concern since 

it is not fully understood. It is generally accepted, however, 

that the disruptive instability is associated with the growth of 

magnetic islands on the q = 2 surface. A disruption occurs when 

these islands make contact with the plasma edge or with the limiter [1] 

or when the islands overlap with islands on other rational surfaces to 

destroy the magnetic flux surfaces 12-4], 

One of the characteristic features of the disruptive 

instability is that it is preceded by a growth in the amplitude, ABfi, 

of Mirnov oscillations to a level typically ABQ/B (a) ~ 6,% where B„(a) 

is the poloidal field at the limitcr. Consequently, the nature of 

Mirnov oscillations themselves have been the subject of many 

theoretical and experimental investigations [5-9], It is generally 

believed that these oscillations are caused by the rotation of magnetic 

islands in the electron diamagnctic drift direction. However, this 

interpretation is open to question since it is still not certain 

whether the direction of rotation is poloidal or toroidal and it 

is not understood why the oscillation frequency is so highly discrete. 

The most striking feature of Mirnov oscillations is that the main 

frequency components are discrete and in the range 10-30 kHz for most 

tokamak devices. To an experimentalist unfamiliar with these 

oscillations, they appear to have been processed by feeding the 

signals from Mirnov coils through highly tuned filters. 

An explanation for Mirnov oscillations and plasma disruptions 

is proposed in this paper, in terms of a simple physical model of wave 

propagation on rational surfaces. Because of the fact that the model 



depends on the peculiarities of toroidal geometry, no attempt is 

made to provide an analytic description of the model. The model 

has no analogy in cylindrical geometry and indeed, it has probably 

escaped previous attention because most analytic and numerical 

descriptions of MUD plasma waves and stability are given in terms 

of the eigenmodes of a diffuse linear cylindrical pinch. 

PROPERTIES OF MHD WAVE MODES 

A plasma embedded in a steady magnetic field B can support 

three low frequency MHD wave types known as (a) the slow MHD or ion 

acoustic wave, (b) the shear or torsional Alfven wave and (c) the 

fast or compressional Alfven wave. Under the usual laboratory 

conditions where the Alfven speed v. exceeds the acousti: speed a, 

the phase velocities of these three wave types arc respectively a, 
i 2 2 i v, and v. parallel to B and 0, 0, (a + v ) perpendicular to B. 

The phase velocity of the fast wave is essentially isotropic when 

a « v. but that of the acoustic and torsional Alfven waves is 

highly anisotropic. The Poynting vector for the fast wave is 

parallel to the propagation vector, k, but the Poynting vector 

for the torsional wave remains parallel to B regardless of the 

direction of the propagation vector. The group velocity vector for 

the acoustic wave is almost exactly parallel to B for all directions 

of the propagation vector. The ray surface for the acoustic wave 

forms a cusp [10-11], but in a low 3 plasma, the perpendicular 

component of the group velocity vector is several orders of magnitude 

smaller than the parallel component. The implication pf these 

properties is that localized disturbances in a plasma will remain 

localized along field lines for the torsional and acpustic waves, 

while a localized fast wave disturbance should propagate almost 

isotropically through a magnetised plasma. 



These properties have been known theoretically for many 

years but have been largely ignored experimentally. Guided wave-

packets, for both the torsional and acoustic wave types, were 

first observed experimentally in 1983 in a low temperature (i.3 eV) 

cylindrical plasma [12]. In this experiment, small antennae were 

used to launch high k, wavepackels, with radial dimensions ~ 1 cm, 

in a plasma of diameter 15 cm. The acoustic wavepacket was observed, 

via its magnetic field components, to propagate as a highly localized 

disturbance along the axial B field for distances up to 200 cm from 

the antenna, with negligible radial dispersion. The wavepacket was 

generated by discharging a capacitor through the tip of an antenna 

and through the plasma, producing a damped sinusoidal current pulse 

of amplitude about 500 A, frequency about 1 Mllz and duration about 

5 usee. The detected signal (see Fig. 1) consisted of a 1 Mllz Alfven 

wave pulse followed much later by the arrival of a solitary acoustic 

pulse of width 5 usee. The acoustic pulse was launched not by the 

alternating magnetic fields at the antenna but by the localized 

increase in pressure associated with localized heating near the 

tip of the antenna. This experiment provided in fact the first 

experimental observations of the controlled excitation of ion 
19 -3 acoustic waves in high density (ne > 10 m ) plasmas. The 

excitation mechanism itself is significant since it provides a 

simple but nonlinear mechanism by which high frequency Alfven waves 

can be coupled to low frequency acoustic waves. 

As shown in Fig. 1, the torsional wavepackct was also 

observed to propagate along field lines as a radially localized 

disturbance for distances up to about 20 cm from the antenna, but 

the packet diffused radially across field lines as it progressed in 

the axial direction, as a result of resistive diffusion. The high k, 



components of the torsional wavcpacket were more heavily damped 

than the low k components. Consequently, the packet evolved from 

a highly localized disturbance near the antenna to a low order (low k ) 

eigenmode at distances beyond about 50 cm from the antenna. 

In high temperature toroidal plasmas (T > 10 eV), torsional 

wavepackets should propagate many times toroidally before they disperse 

radially as a result of resistive diffusion. Indeed, such packets 

have recently been observed, in a 20 eV tokamak discharge, to propagate 

many times toroidally without significant dispersipn or mode conversion 

[13]. The situation regarding acoustic wavepackets is less clear 

theoretically since it is difficult to calculate the effects of ion 

Landau damping under conditions where the particle collision times 

are comparable with a wave period or where the mean free paths are 

comparable with a wavelength. However, in the same spirit as kinetic 

pressure has significance under these conditions, we can adopt a 

fluid description and note that Landau damping will be small since 

the component of the wave electric field E parallel to B is zero in 

ideal MHD theory. In fact, finite temperature effects will produce 

a small E component parallel to B, so there will be damping, but its 

magnitude is uncertain theoretically. 

The concept of wavepackot propagation for torsional or 

acoustic waves was used to explain the experimental results in [12] 

and ha«- recently been extended to predict the effect of toroidal 

geometry on Alfven resonant surfaces [14], In the present context 

it is important to note that a wavepacket, as usually defined, denotes 

a disturbance which is restricted in its transverse dimensions and is 

therefore composed of a continuous spectrum of high k, plane wave 

components. The dimension of a wavepacket in the direction of 

propagation is normally assumed to be very small, but in this paper 
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the parallel dimension is arbitrary and may be many times longer 

than the circumference of a tokamak. The reason for this is that 

torsional and acoustic wavos are anisotropic and, at low wave 

frequencies, the phase velocity w/k,. along field: lines is independent 

of the magnitude of the perpendicular component, k , of the 

propagation vector. Consequently, such a packet can be regarded as 

being composed of a continuous spectrum of plane waves, dominated by 

high k^components, but all with the same k., component. Such a 

packet, if it is generated continuously by a localized source would 

be regarded as a ray. Alternatively, an infinitely long ray is 

equivalent to an infinite number of finite length wavepackets joined 

end to end. Although this may appear obvious, it cannot be applied 

to rays of any other wave type since a packet containing a continuous 

spectrum of k^components generally contains a continuous spectrum of 

k Hcomponents. 

It is normally assumed [15] that in real plasmas, there may 

be any number of non-ideal MHD effects which give rise tp a perpendicular 

component to the Poynting vector for the torsional wave. This is 

generally true, but the surprising feature pointed out in [14] is 

that at small wave frequencies, where a small integer number cf 

wavelengths fits into the toroidal circumference of a tokamak, the 

radial component, S , of the Poynting vector for the torsional wave 

is typically 10 times smaller than the component, S„, parallel to B. 
-1 3 The ratio of S to S varies, for k^ > 1 m , as 1/k^ , For all 

conditions of interest, at frequencies up to about half the ion 

cyclotron frequency and for plasma currents large enough to give 

q(a) z 2, the component S is absolutely negligible compared to S u. 

Furthermore, density gradients do not act to produce a finite S 

component as is commonly assumed [15], so density gradients do not 

act to refract torsional waves to any significant extent. If one 



examines the equations of ideal MIID for cases where there is a 
density gradient ^„t no plasma current, then there is an Alfven 
wave singularity corresponding to an infinitely thin resonance 
layer of the torsional Alfven wave [16]. The resonance layer 
beccmes finitely wide in non-ideal MIID (including the effects of 
finite frequency and plasma current), not primarily because of 
the finite S component, but primarily because the phase velocity 
w/kj. develops a dependence on k^ at low kj_. At high k , this 
dependence is sufficiently weak that phase coherence is preserved 
for many toroidal circumferences of a tokaraak. Both effects are 
related but the primary effect is the latter. Consequently, one 
can interpret the behaviour of torsional waves, in tokamak plasmas 
with a minor radius less than about 6 metres, in terras of the 
propagation of adjacent rays [14]. 

Since torsional and acoustic rays or wavepackcts are strongly 
guided along magnetic field lines, they will readily form standing 
waves in toroidal plasmas on those magnetic field lines which close 
on themselves after a small integer number of toroidal revolutions. 
This effect has not previously been recognised, since the corresponding 
analysis in cylindrical geometry indicates that standing waves of the 
torsional or acoustic modes can form on any flux surface, not just the 
ratio: ̂1 surfaces. In cylindrical geometry, the Alfven resonant 
surfaces, for example, are located at surfaces which locally satisfy 
the condition [14] 

u)" . 2 _1_ [ ml 
t\ CI 

where q = rB /RB Q is the local safety factor, n and m are integers 
describing the eigenmode solution, v. is the local Alfven speed, 
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a) . is the ion cyclotron frequency and R is the major radius. In 

toroidal geometry, surfaces which satisfy this condition Jocally 

are not flux surfaces due to the variation of B. with R. 
<P 

Consequently they cannot be Alfven resonant surfaces in toroidal 

geometry. In cylindrical geometry, the Alfven or acoustic resonant 

surfaces always coincide with flux surfaces and there is no special 

interr-tion when the resonant surfaces coincide with the rational 

surfaces. In toroidal geometry, torsional and acoustic wavepackets 

would have to travel at least several hundred times toroidally 

before there was any significant transfer of energy off the flux 

surfaces and into the resonant surfaces predicted from an analysis 

of the eigenmodes of cylindrical plasmas. 

FORCED RESONANCES ON RATIONAL SURFACES 

Standing waves will form on closed field lines only if there 

is some mechanism which feeds energy into the standing waves. Like 

any other resonant system, oscillations wijl not occur unless they 

are forced by a steady state or transient source of energy. Since 

torsional waves or rays arc characterised by having predominantly 

transverse magnetic field components, and the main source of free 

energy in a tokamak discharge is the poloidal field B„, the most 

likely source of energy to drive standing torsional waves are 

fluctuations in B. occurring at frequencies which are near to or 

coincide with the natural resonance frequencies of the standing 

waves which can form on the rational surfaces. The original source 

of the fluctuations need not concern us here, but it is experimentally 

obvious that such fluctuations do indeed occur over a wide frequency 

range in all plasmas. There is, however, a well known source of 

coherent fluctuations, the high-Q congressional wave eigenmode 

spectrum [17] which extends frctn the low frequ ;ncy (~ 1 MHz), low k. 



surface wave modes (which have predominantly transverse magnetic 

field components) to frequencies much higher than the ion cyclotron 

frequency. These are basically cavity eigenmodes of the congressional 

Alfven wave with an integer number of wavelengths in the toroidal 

circumference and which form standing waves in the transverse 

direction due to wave reflections off the vessel wails. At frequencies 

below the ion cyclotron frequency, these waves mode convert to torsional 

waves near the Alfven resonant layer (i.e. the rational surfaces in 

toroidal geometry) and propagate as surface waves (see [14]) in the 

high temperature region of the plasma inside the Alfven resonant 

surface. An evanescent layer separates the Alfven resonant surface 

from a compressional wave cutoff surface but energy cap be coupled 

through the evanescent layer since it is relatively thin [15, 18]. 
2 Note that the "surface wave" defined in [15] is not the low k > 0 

i or k " < 0 surface wave described here. The high-Q compressional 

wave spectrum is therefore a likely source of fluctuations in B„, 

but something else must then be found to drive the compressional 

waves. Presumably, compressional eigenmodes are driven by other 

sources of fluctuations associated with some of the many types of 

instabilities which are known to occur in ohmically heated plasmas. 

The amplitude of the forced resonance of a standing wave on 

a rational surface depends on the amount of dispersion and attenuation 

of a wave packet is it travels around the closed field lines. 

Dispersion in the radial direction is negligible, as described above, 

while dispersion in the poloidal direction is also very small at 

high k as described in [14]. Although field lines probably never 

close exactly on rational surfaces in real plasmas, due to small 

transverse magnetic field perturbations or fluctuations, standing 

waves can still exist on field lines which almost close since 

wavepackcts can have finite transverse dimensions. It may appear 



that there is confusion here between finite length wa\epackets, 

infinitely long rays, standing waves and standing wavepackets. 

It is emphasized that these are all equivalent descriptions for 

torsional or acoustic waves. If one wishes to calculate the 

amplitude of the forced resonance of a stretched guitar string, 

then we need to know the rate of attenuation of a finite length 

pulse as it travels along an infinitely long string. Similarly, 

the amplitude of the forced resonance on a closed field line, which 

is analogous to a stretched string, can be estimated from the 

attenuation length of a wavepackct. At very low temperatures, 

T < 5 eV, attenuation will be high due to high resistivity [12]. e ~ 
At higher temperatures, torsional wave attenuation is Que primarily 

to the generation and subsequent Landau damping of the kinetic 

Alfven wave. This form of damping increases exponentially with 

temperature up to a maximum when v ~ v» where v is the electron 

thermal speed. The damping decreases inversely as the temperature 

increases for v > v.. Maximum damping therefore occurs near the 

high temperature central regions of tokamak discharges and is 

exponentially weak near the plasma edge. Detailed calculations of 

kinetic Alfven wave damping are given in Ref. [19], 

A critical feature regarding the stability of toroidal 

plasmas is the location in minor radius of the rational q surfaces. 

For example, a q = 2 surface well away from the edge of the plasma 

is relatively stable but if it is near the plasma edge, the plasma 

is normally highly unstable. There arc a few tokamaks which operate 

at lower q(a) values < 1.5, and these are discussed below. In the 

present context, the amplitude of the forced resonance of a wave on 

a rational surface depends on the attenuation of the packet once 

around a closed field line. This depends both on the temperature at 



11. 

the surface and the time taken for one complete circuit. In the 

low density edge region of a plasma, the transit time of a wave-

packet is relatively short compared to the transit time near the 

axis and the rate of Landau damping is exponentially small. 

Consequently the amplitude of a forced resonance on any given 

rational q surface will increase as the surface moves towards the 

edge of the plasma, while the amplitude at any given density and 

temperature will decrease as q is increased due to the increased 

transit time of a wavepacket once around a closed field line. 

The Alfven resonant surfaces which will be driven most strongly 

are the weakly damped, nigh resonance frequency, high Q (quality 

factor) surfaces coinciding with low q rational surfaces near the 

edge of the plasma. Numerical result." for the cylindrical plasma 

case are given in Ref. [19] where it is shown that high Q resonances 

occur only near the plasma edge. 

There is clearly a one-to-one correspondence between the Q 

factor of an Alfven resonant, rational surface, and the stability of 

the surface. This one-to-one correspondence appears to be more than 

just a coincidence and warrants closer inspection. A plausible 

reason for this correspondence can be given in terms of current 

filamentation as described below. Before doing so, we examine the 

properties of low q(a) tokamaks. 

LOW q(a) TOKAMAKS 

The coincidence or correspondence between the Q factor of 

a resonant surface and the stability of the surface is highlighted 

by the fact that those tokamaks which operate at low q(a) are those 

with low Q edge resonant surfaces. Several toka,maks, e.g. TOSCA [20] 

and DIVA [21] have been operated, with poor confinement but reasonably 

good stability, with edge safety factors q(a) less than 1.5. The 

. i 



factor which is common to these devices is that they operate at low 

B when q(a) < 2, even as low as 0.3 T in TOSCA. Furthermore, a 

decrease in B K permits operation at lower q(a). The significance 

of low B. in relation to the 0 factor is that at low B, the Alfven 

toroidal transit time is long for a given edge density, temperature 

and effective Z. A torsional Alfven wavepacket will therefore be 

more attenuated in each toroidal transit, so a q = 2 surface near 

the edge will have low Q, and the Q will decrease as B. is de .reased. 

Low B devices also operate at low plasma current and this 

may be a contributing factor to stability. However, low q(a) < 2.0 

operation has also been achieved in the T-10 tokamak [22] zt higher 

B, = l.iT and at higher plasma currents. T-10 is a large major radius 
9 

device which does not use discharge cleaning. The low q(a) operation 

was attributed in [22] to the presence of high wall contamination 

with a remarkable concentration of heavy impurities observed in the 

q = 1 surface. In this case, the Alfven transit time will be increased 

by the high ion density, as well as by the large major radius, so the 

q = 1 surface in T-10 is a low Q surface. The q = 2 e4ge surface was 

also contaminated by impurities, thereby making it a relatively low Q 

surface. 

The association between Q and stability could be tested 

further by operating discharges in nelium or neon rather than in 

hydrogen to see if q(a) could be reduced even further. It is certainly 

common knowledge with those familiar with cylindrical and toroidal 

plasmas, that the heavier gases produce plasmas which are always more 

stable, less MUD active and less susceptible to current filamentation 

than hydrogen discharges, but no systematic study of this phenomenon 

has ever been published as far as the author is aware. 
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The effect of puffing neon in DIVA 121] was to induce a 

disruption. This effect is also commonly observed when puffing 

hydrogen and can be explained in terms of edge cooling. One effect 

of edge cooling is to constrict the plasma current so that a 

rational q surface near the plasma edge will move to a larger minor 

radius where the temperature was low before puffing and even lower 

after puffing. Alfven wave damping on this surface \s therefore 

reduced. The ion density is increased near the edge by puffing 

but the net effect will be an increase in Q since the main damping 

mechanism, Landau damping, depends exponentially on temperature when 

the temperature is low. 

MIRNOV OSCILLATIONS 

Mirnov oscillations arc generally observed as fluctuations 

in the poloidal magnetic field as seen with coils located just outside 

the edge of the plasma [7]. They also have a strong radial magnetic 

field component [23] and have been observed with probes inside low 

temperature toroidal devices to be centred on the l'ational q surfaces 

[24], They are also mode rational in the sense that the structure of 

the perturbation, as specified by the m and n mode numbers, ;oircides 

with the structure of the rational surface. The most commonly 

observed mode is the m = 2, n = 1 mode corresponding to a mode on the 

q = 2 surface with one wavelength in the toroiq'al direction and two 

wavelengths in the poloidal direction. The mode is often coupled to, 

and may have exactly the same frequency as an m = 1, n - 1 mode 

centred on the q = 1 surface or an m = 3, n = 2 mode centred on the 

q = 1.5 surface. It is commonly believed that these modes correspond 

to the rotation of a helical structure in the form of nonlinearly 

saturated magnetic islands produced by resistive tearing modes [5]. 



If one interprets the oscillation frequency as the rigid body 

toroidal rotation frequency, then the angular velocity is compatible 

with the typical diamagnetic drift velocity in the poloidal magnetic 

field if one takes a scale length for the variation of plasma 

pressure as about half the minor radius. There are several 

difficulties with this interpretation one being the fact that, 

experimentally, it is still not certain whether the direction of 

rotation is poloidal or toroidal. Another difficulty is in explaining 

the highly discrete and highly sinusoidal nature of the observed 

oscillations and the fact that the oscillation frequency does not 

vary significantly with changes in plasma parameters in any particular 

device, nor does it vary by more than a factor of two or three from 

one device to the next. There is clearly room for further 

interpretation. 

As far as the author is aware, no attempt has previously 

been made to associate Mirnov oscillations with sound waves. This 

feature is surprising since if one assumes arbitrarily that T - 300 eV, 

a = (v'T/m.)2 ~ 2 x 10 m s and X = 2ffR ~ 6 m, then a standing sound 

wave will have ; frequency f ~ 30 kilz. This frequency varies as /T/R 

if a a /T, and does not vary by more than a factor of three or so from 

one device to the next. Indeed, the frequency of Mirnov oscillations 

tends to be higher in those devices with small major radius R. For 

example, in the small tokamak TOSCA [23] the observed frequencies 

are typically in the range 50-100 kHz. If we interpret Mirnov 

oscillations as standing acoustic waves on the rational q surfaces 

then it is immediately clear why (a) the frequencies arc highly 

discrete and consist of a well defined fundamental and well defined 

harmonic components, (b) the observed frequencies are in the range 

10-50 kHz for all devices, (c) the structure is centred on the 



rational surfaces, (d) k >> k and (e) the perturbations are mode 

rational. Five main questions remain; (a) how can a localised 

disturbance be observed externally?, (b) why do standing waves 

appear to rotate?, (c) why are the observed frequencies of mode-

locked oscillations often exactly the same?, (d) ..hat drives acoustic 

standing waves? and (e) how are they related to the disruptive 

instability? Complete answers to these questions are beyond the 

scope of this paper but some very plausible suggestions are offered 

below. 

(a) External Observations 

If, as observed experimentally (iig. 1), a wavepacket is 

localized on the axial field line of a cylindrical plasma, then its 

magnetic field components will not be observable on adjacent field 

lines or to an external observer. The current paths in such a 

disturbance may, for example, be coaxial, as in an m = 0 torsional 

Alfven wavepacket whose only magnetic field component is bfi. In the 

case of an m = 1 acoustic wavepacket where b., - b < b [12], the 

current paths form a relative tight spiral locally around axial field 

lines, generating a local field which is predominantly b but with 

smaller b and b components. Now, consider a standing wavepacket 

on thn helical field line of a rational surface, with nX = length of 

a closed field line ~ N * 2TTU where N is the number of toroidal transits 

before the field line closes on itself. If the disturbance is highly 

localized both radially and poloidally to a very small helical section 

of the rational surface, then it will not be detected by external coils. 

However, a disturbance on a rational surface can have finite poloidal 

extent. Consequently, the current paths can form closed loops of 

finite poloidal width on a rational surface, thereby generating an 

external field. Although the current in such a wave has a j component, 
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the group velocity vector of the component propagating waves is 

directed parallel to B at all points on the surface. The external 

field of uch loops will have components predominantly in the 

radial and poloidal directions as observed experimentally. It 

should be noted that energy in the acoustic wave is carried mainly 

as thermodynamic energy. The Poynting vector £ * b/u for this wave 

is not parallel to the group velocity vector. 

(b) Mode locking 

The fact that the observed frequencies of mode locked Mirnov 

oscillations arc often exactly the same is not consistent with the 

sound speed varying as /T, since the temperature and hence sound 

speed should vary from one rational surface to the next. Careful 

inspection of the low frequency limit of the fluid model dispersion 

relation for ion acoustic waves [121 shows that for u « OJ .. 
ci 

(1) _ a 
k«i [i • ( k ^ V 

1 
where p. = a/w.. is the ion Larmour radius and a = (*yp/p)* is the 

acoustic speed for a plasma with equal ion and electron temperatures. 

Although wc know that T *• T. in a tokamak, the significant feature 

is that for high k p., typically > 1 in a high T localized surface, 

the fluid model predicts that io/k|, is only weakly dependent on 

temperature. Given that the path lengths on different rational 

surfaces are different, not exactly equal to N x 2TTR, and given that 

wave damping will produce a finite width to the resonance curve for 

each rational surface, it is therefore quite possible for mode locking 

to exist between different rational surfaces at the same frequency or 

at harmonically related frequencies. Coupling between different 

rational surfaces can occur via the compressional Alfven wave which 

propagates freely across field lines. 
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(c) Apparent Rotation 

Apparent rotation of a standing wave can be explained in 

terms of the variation in phase angle from one section of the 

standing wave to the next. Normally, one thinks in terms of 180° 

phase jumps from one section of a standing wave to the next. If we 

allow for wave attenuation, then it is easy to show for a standing 

wave that the phase shift $ varies continuously from 0 to 180* 

within a wavelength and the phase shift varies most strongly with 

position near y = 90°. l-'or example, if the wave amplitude attenuates 

by a factor of 2 in one toroidal circumference, and we consider the 

fundamental mode on a q = 2 surface with \ = 4T:R, then if <*> = 0 at 

z = 0, $ = 25° at z = X/8, <j> ~ 90° at z = A/4 and <j> = 180° at z = \/2. 

In the limit where wave attenuation tends to zero, the phase tends to 

jump discontinuously from 0° to 180° near <\> = 90°. The exact 

variation of >;> with z or 0 in a torus is complicated by the fact 

that, if wc follow a q = 2 field line around a closed loop, then 

points at the beginning of the line and half way along the line are 

not at the same toroidal position. Such a field line completes two 

toroidal transits, each of significantly different path length. 

Given that there is still debate whether the observed rotation is 

poloidal or toroidal, it seems that much more experimental evidence 

on the three dimensional structure of current filaments will be 

needed to distinguish between pure rotation, pure oscillation or a 

combination of both. 

(d) Driven Oscillations 

Since there is a wide frequency spoctram of fluctuations in 

the transverse magnetic field components in current driven plasmas, 

these fluctuations provide a ready source of energy to drive natural 

acoustic wave resonances on rational surfaces. However, there is an 
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additional source of energy, described above, in the form of standing 

torsional waves on the same surfaces. An acoustic wave in a plasma 

is primarily a pressure disturbance so one should look for pressure 

fluctuations to drive the standing acoustic waves. Such fluctuations 

are associated with the high frequency (~ J MHz) localized currents 

in a standing torsional wave. A steady state 1 MHz current can 

produce only 1 MHz pressure fluctuations, but if the current fluctuates 

in amplitude it can generate pressure fluctuations at much lower 

frequencies. This was the mechanism used to launch acoustic waves 

in the experiment described above, and may therefore be the primary 

mechanism driving acoustic waves in tokamaks. It is difficult to 

calculate theoretically absolute amplitudes of these effects but in 

the experiment described in [12] a 500 A amplitude, 1 MHz current 

pulse in the plasma generated magnetic field disturbances associated 

with the acoustic wave of amplitude equal to or greater than the 

fields of the Alfven wave launched simultaneously. These results 

showed that a 500 A, 1 MHz current pulse is capable of generating 

= 100 A, 100 kHz current loops in an acoustic wave. In other words, 

the process is very efficient. A typical oscillogram illustrating 

these results is shown in Fig. 1. In low q(a) tokamaks with low Q 

Alfven resonant surfaces, Mirnov oscillations will not be driven very 

strongly, hence they are less susceptible to disruptions. 

CURRENT I-ILAMLNTATION 

The relation between Mirnov oscillations and the disruptive 

instability is generally described in terms of tearing modes and the 

associated growth of magnetic islands on the rational surfaces [5-6], 

These islands arc generated by helical currents which perturb the 

magnetic flux surfaces near the rational surfaces. Attention is 

frequently focussed on the growth rate and magnetic structure of the 
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islands [2, 25-26] rather than on the heating effects and structure 

of the associated current filaments. In this section we examine a 

fundamentally different model of current filamentation and magnetic 

island formation, but the physical effects arc very similar to those 

which are normally associated with tearing modes. 

One of the effects of the excitation of standing waves on 

the rational surfaces will be to produce localized heating within 

the surface- by the alternating currents associated wi£h these waves. 

The localisation will be not only in the radial direction but also in 

the poloidal direction [14]. The localized current density within 

the surfaces may be quite high given that the magnitude of the 

poloidal field fluctuations observed at the plasma edge may be as 

high as 4% of the equilibrium poloidal field and the cross sectional 

area of the AC current filaments might be as small as \% of the total 

cross sectional area ot the plasma. The effect of localized heating 

will be to lower the local resistivity, thereby enhancing the local 

DC current driven by the loop voltage. The resulting DC current 

filament will produce further heating and a consequent thermal runaway, 

unless the rate of heat transport away from the filament is equal to 

the rat^ of ohmic dissipation within the filament. This was the 

condition locally prior to the development of the filament. Small 

departures away from this condition must in fact be thermally stable, 

otherwise plasma currents would always break up into isolated 

filaments. In order for a current filament to grow, it is necessary 

to find a mechanism which reduces the normal cooling rate of the 

filament. The most likely mechanism is the same as that which 

permits the plasma itself to exist as a single, large minor radius 

or fat filament extending to the limiter. Heat transport from the 

centre of the plasma to the limitcr is reduced relative to that along 



20. 

field lines by the low transverse thermal conductivity of the plasma. 

A possible mechanism for the growth of a DC filament is that 

a relatively large and sudden increase in temperature locally in a 

rational surface, associated with a growth in the amplitude of 

Mirnov oscillations, may produce a filament containing sufficient 

current to pinch itself away from and thermally insulate itself from 

the surrounding high temperature plasma. The formation of closed 

magnetic surfaces surrounding an isolated current filament is shown 

schematically in Fig. 2. Successive intersections of a helical field 

line with a given cross section of the plasma are shown in Fig. 2a, 

assuming that q increases with minor radius and that there arc no 

current filaments present. The intersections on a q = 1.9 surface 

progress in the same direction as the poloidal field while those on a 

q = 2.1 surface progress in the opposite direction. The effect of a 

small current filament located on the q = 2 surface is shown in 

Fig. 2b. In this figure it is assumed that the filament is circular 

in cross section, with diameter about one tenth the plasma minor radius 

and contains only a small DC current in the sense that the total 

current density in the filament is only slightly higher than the 

current density outside the filament. If the filament follows a 

helical field line, then the radial components of the magnetic field 

of the filament will carry toroidal field lines, originally on the 

q = 2 surface onto or near the q = 1.9 and q » 2.1 surfaces. These 

field lines arc then carried away from the filament by the rotational 

transform generated by the main poloidal field. The field lines in 

fact form magnetic islands joining the diametrically opposite parts 

of the filament on the q = 2 surface. This provides a path for rapid 

heat flow away from the filament so it cannot grow thermally. 

The effect of a small diameter but high DC current filament 

is shown in Fig. 2c. In this case it is assumed that the azimuthal 



field of the filament is sufficiently large to reduce the local q 

value on the q = 2.1 surface to 1.9 (referred to the minor radius 

of the plasma, not the filament) and to increase the local q value 

on the q = 1.9 surface to q = 2.1. In this case, a field line 

starting on the q = 2 surface near or inside the filament is 

carried around a closed loop or magnetic island surrounding the 

filament. Heat transport away from the filament is therefore 

substantially reduced, allowing the filament to grow further by the 

same thermal instability that allowed the plasma to form and to be 

heated originally. 

A necessary condition for a thermal instability is that the 

local total current densitv 

Vi r dr l e J " u Rr 3r 

must be sufficiently large that 

2 r_ 

3r r 
Vi J r 2 - ° z 

B0 

becomes negative. The maximum thermally stable total current density 
2 in a filament on a rational surface is therefore J = 2Bf./(vi r) = I(r)/(Ttr ) 

where 1(r) is the total current enclosed within the surface. This 

condition is independent of q and also applies to a q = 1 surface. 

Such an instability is presumed to exist at the q * 1 surface [27] 

giving rise to relaxation oscillations. If it occurs at a q = 2 

surface, then it is quite possibly the mechanism responsible for 

major disruptions. The necessary condition for a thermal instability 

on a q = 2 surface is not very stringent since it is necessary only 

for the local total current density (filament plus plasma current) 

within the filament to exceed the average current density inside the 
2 q = 2 surface, i.e. I(r9)/7rr7 where r~ is the minor radius of the 



22. 

q = 2 surface. Note that if 3q/3r is zero within the filament then 

there is no local transform around the filament r.o it is M11D stable, 

but if 3q/3r is slightly negative it will be H>',2 stable but thermally 

unstable. Such a filament would continue to grow if it remained 

localized on a q = 2 surface. However, it will tend to move off 

the q = 2 surface and radially inwards towards the centre of the 

plasma due to the j " B forces acting on the 'ilament. Once the 

filament moves off the q = 2 surface, the island around the filament 

will be destroyed and the filament will be cooled, unless the initial 

filament current is sufficiently large. A "sufficiently large" 

condition can be derived as follows. 

The rotational transform of a field line near a q = 2 surface 

after two toroidal transits is the same in the poioiuai field B n 

generated by the plasma current as it is in the auxiliary field B* 

whe re 
rB G(r 2) 

B* = B Q (r) -
r 2 

4TTRB* 4irRB 0 

AO 
4irRB 0 

rB 
z 

r B z 
since A8 = — s — = — s 2tr 

The B* and q profiles for two typical current distributions 

, J = J (1 - r 2/a ) and J = J (1 - r /a ) are shown in Fig. 3. 

Consider now a circular cross section current filament pf radius b 

carrying a uniform current Ip so that the poloidal field B_ of the 

filament at its edge is Bp = u Ip/2-rrb. When the filament is centred 

on a q = 2 surface, the condition for a thermal instability is 

Bp > B* where B # is the value at the edge of ^ c filament. Under 

these conditions, concentric magnetic islands are formed around and 

within the filament, the shape of the island surfaces being the same 

as the shape of the transverse field B # + Bp. It is easy to see from 

Fig. 3 that when the filament moves off the q = 2 surface, the field 



& F will become smaller tuun B» in general, unless it is originally 

sufficiently large and then subsequently 1,. increases so that B p 

always remains larger than B A as the filament moves radially inwards. 
2 2 This condition is easier to satisfy for the flatter J = J (1 - r /a ) 

profile since B 4 remains relatively small inside the q = 2 surface. 

Whether or not such a condition can be met in a tokamak depends on 

the detailed dynamics and heating rate within the filament, and the 

effect of interaction between such a filament and any other filaments, 

say those on the q = 1.5 surface. If such conditions are established, 

then the local q value around the filament can drop to 2 or less, in 

which case the filament will become MI!D unstable. At this stage the 

filament still winds twice around the torus before forming a closed 

loop, so that a local q - 2 surface (referred to the radius of the 

filament) gives a rotational transform of 2TT once around the closed 

loop. If it becomes an unstable filament, it will form a kink 

connecting the central regions of the plasma to regions near the edge, 

thereby cooling the centre of the plasma rapidly, and possibly 

terminating the discharge. This behaviour is characteristic of a 

disruptive instability. A rapid expansion of the current distribution 

will i '•oduce a sudden decrease in the plasma inductance, a shift of 

the plasma to smaller minor radius and a corresponding sudden increase 

in the plasma current, thereby generating a negative voltage spike. 

The current contained in a q = 2 MUD unstable current 

filament need only be a small fraction of the tptal plasma current, 

depending on the assumed diameter of the filament. Suppose that the 

filament radius is 0.05a and the original plasma current distribution 

is the relatively peaked profile shown in l;ig. 3. The transform is 

locally zero at the peak of B^ if B p = B„ * 0.4 BQ(a) or if the 

filament current I p is 2% of the total plasma current and the 

filament current density is 8 times the average current density or 



2.7 times the current density on axis. A further increase in I„ to 
r 

2.4". of the total plasma current Kill make it MHD unstable. 

The above figures are consistent with the observations that 

the amplitude of AB, in Mirnov oscillations grows to typically about 

4* of B Q(a) at the plasma edj;e just prior to a disruption. If we 

interpret Mirnov oscillations as standing acoustic waves, then the 

amplitude of the AC current in a q = 2 surface is about 4% of the 

total plasma current. This estimate depends on the assumed form of 

the current paths in the standing waves, bu£ is taken as a reasonable 

estimate. As a result of localised heating in the surface, the DC 

current driven in the form of current filaments need only be as high 

as = 2% of the total current to generate a disruptive instability. 

This interpretation is also consistent with the observation that 

the magnetic islands producing Mirnov oscillations "stop rotating" 

just prior to a disruption [71. If the magnetic surfaces near a 

q = 2 surface are substantially modified by magnetic island formation 

around a filament, then the condition for resonant standing waves is 

destroyed and the oscillations will simply stop oscillating. 

The above estimates for the crTcnt in a thermally unstable 

filament are probably over-estimates. It was assumed that the 

, filament would remain unstable provided B,. > 0.4 B Q[a) at the peak 

ofB*. In fact, as shown in l-'ig. 2c, there is a tendency for the 

current profile to flatten even before the filament moves off the 

q - 2 surface due to heat transport along field lines from regions 

inside the cj - 2 surface to regions outside via the magnetic islands 

external to the filament. If the profile flattens £o the parabolic 

profile shown in Fig. 3, then the filament will remain thermally 

unstable for filament currents less than half the values quoted above. 



CONCLUSION 

The nature of MUD instabilities in a tokamak plasma depends 

on the response of the plasma to small perturbations. Provided that 

the plasma is not grossly unstable, then the i-esponse depends not 

only on the growth rates of the moderately stable modes such as 

tearing modes and sawteeth oscillations, but also on the properties 

of the three MUD wave types. In high temperature toroidal plasmas, 

localized torsional Alfven and ion acoustic disturbances are guided 

by magnetic fields, leading to the formation of standing waves on 

surfaces or parts of surfaces which coincide with the rational 

surfaces. These wave types have previously been associated with 

"stable" oscillations which occur on flux surfaces and which form a 

continuous eigenmode spectrum in cylindrical plasmas. In toroidal 

geometry, these wave types form a discrete spectrum associated with 

localized standing waves on each of the rational surfaces. This 

effect has only recently been recognised and casts new light on 

the interpretation of Mirnov oscillations and plasma disruptions. 

The model of MUD instabilities described in this paper 

differs fundamentally from previous models but has many similarities 

with models of tearing modes. Both models arc successful in 

describing Mirnov oscillations and the associated current filaments 

and magnetic islands. The tearing mode model requires the islands 

to rotate in time, while the model described in this paper associates 

Mirnov oscillations with the discrete oscillations of ion acoustic 

waves driven by discrete oscillations of the torsional Alfven wave. 

A natural extension of this model is to associate plasma disruptions 

with the formation of MUD unstable current filaments which are 

produced when there is sufficient heating within the rational surfaces 

produced by the standing waves. This mode}.is suggested by the fact 

that the surfaces which are most unstable arc those which are most 
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highly Mfvcn i-esonant. The most unstable perturbations in tokamak 

plasmas, other than the m = 1 kink instability, appear to be those 
2 2 

not with id < 0 but those with w > 0, i.e. the acoustic and 

Alfven wave resonances. It may well be, however, that the 

disruptive instability represents a combination of the thermal 

effects described above and the magnetic effects normally associated 

with tearing modes. This can only be confirmed by more detailed 

numerical calculations of the type presented in [4]. 
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Fig. 1 Oscillograms showing guided wavepackct propagation for the 
acoustic and torsional wave types and isotropic propagation 
for the fast Alfvcn wave. See Ucf [12] for details. 
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(a) (b) (c) 

Fig. 2, Formation of magnetic islands surrounding a hcjical current filament !•' on the q = 2 surface. In 

(a) the filament current is r.ero, (b) it is small, and (c) it is sufficiently large to form a 

thermally insulating island around the filament. The numbered sequence indicates successive 

intersections of a field line with a given plasma cross section. 
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Fig. 3. B A and q profiles for assumed current distributions 
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